A new propeller design method to obtain the blade section shapes by prescribing pressure distribution is developed, combining a 2-dimensional foil design theory with a propeller lifting surface one. In this method, new blade sections can be designed in accordance with the variation of the section lift coefficient CL in a given wake.
( 1 ) For increasing the propeller open efficiency and reducing the cavity volume and cavitation noise, the highest design CL was most effective, showing 4.5% higher efficiency and about 10 dB lower noise in the frequency range of 10 to 100 kHz than the MAU type one . The noise reduction is considered due to the decrease in the cavity volume which is amount of the cavity collapsing in each propeller revolution.
( 2 ) For reducing the pressure fluctuations, the middle design CL was most effective, showing about 0.8 times the fluctuating pressure amplitude due to the MAU type one at both the first and second blade frequencies.
This result is considered due to the reduction of cavity volume variation. This result is obtained by the phase difference in cavitation generation due to its blade contour configuration. On the other hand, improvement of cavitation performance can also be derived by altering the blade section shapes which directly affect the pressure distribution on propeller blade.
Regarding propeller blade sections, MAU21, NACA3), Wageningen-134), SSPA'), SRI-B6), KI371, NTR8) type ones, etc. were experimentally and/or theoretically developed and most of them have been used until now. However,. they were developed, not necessarily on the basis of deep understanding of the relation among blade section shape, pressure distribution and cavitation performance.
It can be said, therefore, that both developing a method to obtain blade section shapes with prescribed pressure distribution and investigating the above relation are important in order to develop a propeller with better cavitation performance.
In previous papers9), 10) , the authors proposed a propeller design procedure of combining Eppler's 2-dimensional foil design theory") with Hanaoka and Koyama's propeller lifting surface one12), showing that the flat pressure distribution was remarkably effective to reduce cavity volume and pressure fluctuations.
However, the effect of the blade section improvement was not necessarily clear at that time since the open characteristics and the load distribution in radial direction of the new propellers were different from those of the original MAU type one because of the incompleteness of the design method.
Moreover, although Nakazaki et al.
and Sato") also confirmed that the flat pressure distribution was effective, it has not been clear at what lift coefficient the flat pressure distribution should be given.
On the basis of the above knowledge, the purposes of the present study are :
( 1 ) To develop a method to obtain propeller blade section shapes with prescribed pressure distribution, ( 2 ) To design a series of new propellers with different design lift coefficients, defined as the lift coefficient where the pressure distribution becomes flat, and
To investigate the effect of the design lift coefficient on the propeller open characteristics and the cavitation performance by making experiments together with the original MAU type propeller.
2.
Propeller Design Method
The present propeller design method is shown in Fig. 1 . Although this method is basically same as that described in the previous papers9)10), thrust, torque and their distributions in the radial direction as well as blade contour and blade thickness ratio were kept same as those of the original MAU propeller in order to clarify the effect of new blade sections.
This design method is basically divided into two processes.
Firstly, considering the lift coefficient variations and cavitation numbers at the respective radius positions of the original propeller, 2-dimensional foils with desirable (flat in this research) pressure distribution are designed by using Eppler's 2-dimensional foil design theory").
These foils are called Secondly, a propeller whose equivalent 2-dimensional foils agree with the "designed 2-dimensional foils" is designed using a propeller lifting surface theory developed by Hanaoka and Koyamai2).
After some trials, a method shown in Fig. 3 was adopted in this process15). As shown in Fig. 4 , the equivalent 2-dimensional camber lines obtained by this method agree approximately with the designed ones.
In developing the method shown in Fig. 3 , some iteration procedures with more complicated evaluation functions D(r, x) were tried to obtain more excellent agreement between the equivalent and designed 2-dimensional camber lines. However, largely wavy geometrical camber lines with poor continuity in the radial direction were obtained without significant improvement in the degree of the agreement.
A reason for this is considered the characteristics of the lifting surface calculation. Since in this lifting surface calculation method the geometrical camber lines are approximated by 4 th designed 2-dimensional foil pressure distributions in the case of MP 016 is shown by the solid and the chain dotted lines. Good agreement is obtained except near the leading edge. It is considered that also the discrepancy near the leading edge is due to the camber line expression in the lifting surface calculation.
As shown in Fig. 4 , the 4 th order polynomials probably could not express the relatively high inclination of the geometrical and the designed 2-dimensional camber lines near the leading edge (more clearly seen in the case of the thicker section, i. e. at O. 5 R). It is estimated, therefore, that the actual pressure distribution is closer to the chain dotted line. ( 1 ) The difference between flat part and vapour pressure should be increased as much as possible.
( 2 ) The flat pressure should not be connected to the leading edge so as to avoid the generation of a steep negative pressure peak at the leading edge in the case of larger angle of attack. ( 1 ) and ( 2 ) is to suppress the sudden generation and collapse of a large cavity.
The purpose of the item ( 3 ) is to prevent the trailing edge separation of the boundary layer.
Comparison of pressure distribution at 0.8 R position among all the propellers is shown in Figs. 5 and 10. The former is the results of the steady calculation using the mean wake and the latter of the unsteady one. It can be seen that increasing design lift coefficient decreases the pressure difference between the upper and lower surface near the leading edge, while increases in the rear part. This result shows that the increase in the design lift coefficient lessens the angle of attack and raises the camber. On the other hard, the MAU type propeller shows less smooth pressure distribution than the new propellers, denoting a gentlysloping peak near the midchord on the back surface.
The principal particulars and the blade section shapes of the new and MAU type propellers are shown in Table 1 and Fig. 11 . The blade sections designed by the present method were named UTOP (University of Tokyo Propeller).
It is seen that the camber rises and the pitch decreases with increasing design lift coefficient, as predicted in the comparison of pressure distribution.
The length of the pressure recovery region in the rear part of the new propellers were increased towards the boss in order to give high efficiency by suppressing the boundary layer development.
As a result, the section shapes of the new propellers approaches those Journal of The Society of Naval Architects of Japan, Vol. 163 of the MAU type one towards the boss. The radial direction continuity of the new propellers were realized by prescribing the pressure distribution parameters of the designed 2-dimensional foils continuously as well as by adopting a simple evaluation function for the difference between the equivalent 2-dimensional and geometrical camber lines (Fig. 3) . The parameters of the designed 2-dimensional foils and offset tables of the new propellers are shown in the Appendix.
Experimental Results

1 Propeller open characteristics
Propeller open tests were carried out at the Small Towing Tank of Akishima Laboratories (Mitsui Zosen) Inc. The propeller Reynolds number RnD was 6.0 x 105.
Comparison of thrust coefficient KT, torque coefficient KQ and propeller open efficiency )20 based on the advance coefficient J is shown in Fig. 12 , together with the results of the lifting surface calculation.
The thrust coefficients of the new propellers agree very well with those of the MAU type propeller and the calculation especially at the design point.
On the other hand, the torque coefficients of the new propellers are lower than that of the MAU type one, resulting in the open efficiency increase. Figure 13 shows Figure 16 shows the sheet cavitation bucket charts.
It can be said that the experimental results approximately follow the relation predicted from the calculation shown in Fig. 8 ( 4 ) Summarizing the above results, it can be said that the adoption of the highest design lift coefficient, which is more critical to the face cavitation generation, is not necessary for reducing the pressure fluctuations but the lower one is more effective especially for the higher blade frequency component.
The reasons for these results will be discussed in the next section. Figure 22 denotes the comparison of high frequency noise in cavitating condition. It is seen that the increase in the design lift coefficient les- It is also seen that the cavity volume variation particularly on MP 017 is smaller than that of MP 002. Since 2 nd time derivative of the cavity volume mainly affects the pressure fluctuations, it is considered that the smaller time variation of cavity volume on MP 017 caused the lower pressure fluctuations.
The reason for the reduction of cavity volume variation due to the new propellers is considered as follows : As can be inferred from the fact that the MAU type propeller MP 002 has a gently-sloping peak near the midchord in the back surface pressure distribution shown in Fig. 5 , the blade section of MP 002 swells near the midchord more than those of the new propellers.
Such section shape gives thinner cavity near the midchord but thicker one in the rear part, resulting in larger cavity volume variation. 6 . Conclusions
A new propeller design method to obtain the blade section shapes by prescribing pressure distribution was developed, combining a 2-dimensional foil design theory with a propeller lifting surface one. In this method, new blade sections can be designed in accordance with the variation of the section lift coefficient in a given wake.
Three propellers with flat pressure distribution were newly designed, changing the design lift coefficient. In designing all the new propellers, only the blade section shapes and pitch were altered in order to extract the effects of the blade section improvement, keeping the blade contour, the load distribution in radial direction, etc. same as those of the original MAU type one.
Using these new and MAU type propellers, open characteristics test and cavitation experiments were performed to clarify the effects of the design lift coefficient.
The following results were obtained.
( 1 ) All the new propellers showed higher open efficiency than the MAU type one. At the design point, the increase in the design lift coefficient raised open efficiency, the propeller with the highest design lift coefficient showing 4. 5% higher efficiency compared with the MAU type one.
( 2 ) In the cavitation experiments only the sheet cavitation was observed.
The cavity extent and volume decreased with increasing design lift coefficient.
( 3) Regarding the first blade frequency component, both the propellers with the middle and the highest design lift coefficients showed about 0.8 times fluctuating pressure amplitude due to the MAU type one. This value agreed approximately with the mean of the MAU type and noncavitating values.
On the other hand, the second blade frequency component of the propeller with the middle design lift coefficient was about 0.8 times the MAU type value, while the propeller with the highest design lift coefficient showed almost the same value as the MAU type one.
This result shows that the adoption of the highest design lift coefficient, which is more critical to the face cavitation generation, is not necessary for reducing the pressure fluctuations but the lower design lift coefficient is more effective especially for the higher blade frequency.
This result is considered due to the reduction of cavity volume variation.
( 4 ) Higher design lift coefficient gave lower cavitation noise.
The cavitation noise due to the propeller with the highest design lift coefficient was about 10 dB lower in the frequency range of 10 to 100 kHz than that of the MAU type one. This result is considered due to the reduction of cavity volume which is amount of the cavity collapsing in each propeller revolution. Journal of The Society of Naval Architects of Japan, Vol. 163 Table A-6 Blade section shapes and pitch distribution of MP018
